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Abstract
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The goal of this study was to elucidate the pathway by which UVB initiates efflux of K+ and
subsequently apoptosis in human corneal limbal epithelial (HCLE) cells. The initial focus of the
study was on the extrinsic pathway involving Fas. HCLE cells transfected with Fas siRNA were
exposed to 80–150 mJ/cm2 UVB and incubated in culture medium with 5.5 mM K+. Knock down
of Fas resulted in limited reduction in UVB-induced caspase-8 and -3 activity. Patch-clamp
recordings showed no difference in UVB-induced normalized K+ currents between Fas transfected
and control cells. Knockdown of caspase-8 had no effect on the activation of caspase-3 following
UVB exposure, while a caspase-8 inhibitor completely eliminated UVB activation of caspase-3.
This suggests that caspase-8 is a robust enzyme, able to activate caspase-3 via residual caspase-8
present after knockdown, and that caspase-8 is directly involved in the UVB activation of
caspase-3. Inhibition of caspase-9 significantly decreased the activation of caspases-8 and -3 in
response to UVB. Knockdown of Apaf-1, required for activation of caspase-9, resulted in a
significant reduction in UVB-induced activation of caspases-9, -8, and -3. Knockdown of Apaf-1
also inhibited intrinsic and UVB-induced levels of apoptosis, as determined by DNA
fragmentation measured by TUNEL assay. In UVB exposed cultures treated with caspase-3
inhibitor, the percentage of apoptotic cells was reduced to control levels, confirming the necessity
of caspase-3 activation in DNA fragmentation. The lack of effect of Fas knockdown on K+ channel
activation, as well as the limited effect on activation of caspases-8 and -3, strongly suggest that Fas
and the extrinsic pathway is not of primary importance in the initiation of apoptosis in response to
UVB in HCLE cells. Inhibition of caspase-8 and -3 activation following inhibition of caspase-9, as
well as reduction in activation of caspases-9, -8, and -3 and DNA fragmentation in response to
Apaf-1 knockdown support the conclusion that the intrinsic pathway is more important in UVBinduced apoptosis in HCLE cells.
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1. Introduction
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Both the cornea and skin are exposed to levels of ambient ultraviolet B (UVB) radiation
(280–315 nm) that can damage these tissues. In the epidermis “sunburn cells” that have been
overexposed to UVB go into apoptosis and are eliminated to prevent these damaged cells
from becoming cancerous (Kulms and Schwarz, 2000). In the corneal epithelium a delicate
balance is maintained among migration of cells from the stem cell niche into the basal layer,
mitosis in the basal layer, cell differentiation in the wing cell layers and sloughing from the
superficial layer (Thoft and Friend, 1983). This balance is required to maintain a smooth
optical surface on the cornea, provide a barrier from the environment and prevent painful
exposure of corneal nerves. Damage by UVB has the potential to upset this balance by
increasing the shedding rate of superficial cells above the normal level (Ren and Wilson,
1994), and recent papers have drawn attention to public health concerns about ocular UVB
exposure (Lucas, 2011; Coroneo, 2011; Lin et al. 2013). The cornea protects the lens and
retina from damage by absorbing the majority of ambient UVB radiation (Ringvold, 1998;
Kolozvari et al., 2002; Podskochy, 2004). In spite of this exposure, the corneal epithelium
does not appear to be highly susceptible to damage by ambient UVB. As discussed in more
detail below, our overall hypothesis (Singleton et al., 2009) is that the high concentration of
K+ in tear fluid, 25 mM (Botelho et al., 1973; Rismondo et al., 1989), may help to protect
the corneal epithelium from adverse effects of ambient UVB by preventing loss of
intracellular K+ when cells are exposed to UVB.

Author Manuscript

Exposure to UVB radiation causes cells to activate numerous intersecting signaling
pathways that lead to apoptosis. A common factor in activation of apoptotic pathways
appears to be activation of K+ channels in the cell membrane, loss of intracellular K+ (K+i)
down its concentration gradient and activation of caspases (Bortner et al., 1997; Hughes et
al., 1997; Yu et al., 1997; Wang et al., 1999; Vu et al., 2001; Wang et al., 2003; Shimmura et
al., 2004; Arrebola et al. 2006; Singleton et al., 2009) however, the mechanisms by which
UVB activates K+ channels and how K+ loss leads to apoptosis needs further investigation.

Author Manuscript

We have previously reported that exposure of human corneal limbal epithelial (HCLE) cells
in culture to UVB at 80–200 mJ/cm2 (less than two hours of solar radiation at most
latitudes) activates K+ channels, as determined by patch-clamp recording and measurement
of K+i loss. K+ channels are activated within 1–2 minutes after exposure of HCLE cells to
UVB, and this results in the loss of 50% of K+i within 10 minutes, as determined by
measurement of [K+] in cell lysates by ion chromatography. The UVB-induced K+ current
can be partially blocked by the Kv3.4 channel blocker BDS-1, by Ba2+ or by exposure of the
cells to elevated extracellular K+ (K+o), confirming that UVB is activating K+ channels
(Singleton et al., 2009; Ubels et al., 2010, 2011).
Exposure of HCLE cells to UVB activates the initiator caspase-8 and the effector caspase-3,
with maximal activity occurring by 6 hr after exposure. This leads to apoptosis, as confirmed
by the TUNEL assay. We have shown that this UVB-induced apoptosis can be partially
inhibited by incubation of the cells in medium with 25–100 mM K+ (as compared to the
normal culture medium concentration of 5.5 mM) (Singleton et al., 2009; Schotanus et al.,
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2011). This effect of elevated [K+]o shows that loss of K+i is involved in that activation of
caspase-3, caspase-8 and DNA fragmentation and also suggests that high [K+]o can protect
HCLE cells from UVB.
The purpose of the present study was, in the context of numerous previous studies of
apoptosis, to investigate in HCLE cells pathways by which UVB activates K+ channels,
caspase activity, and the ways in which these mechanisms interact (Fig. 1). We initially
focused on the extrinsic, Fas-activated pathway. Subsequently we investigated the effects of
UVB and elevated K+o on the intrinsic apoptotic pathway.
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In the extrinsic death pathway Fas ligand binds to the receptor protein, Fas, on the cell
membrane which in turn, via the adaptor protein FADD, activates the initiator caspase,
caspase-8. This group of proteins is known as the death-inducing signaling complex, or
DISC (Ashkenazi and Dixit, 1998; Kulms and Schwarz, 2000). It is evident from our
research on HCLE cells (Singleton et al., 2009) and the work of others on skin cells and
macrophages that an early event in UVB-induced apoptosis is activation of caspase-8
(Kulms et al., 1999; Sodhi and Sethi, 2004) It has been proposed that UVB and UVA cause
activation of Fas independently of Fas ligand (Aragane et al., 1998; Zhuang and Kochevar,
2003), although the mechanism by which UV interacts with Fas is unknown. It has also been
shown that the loss of function mutation of Fas in MRL/lpr mice causes decreased apoptosis
of keratinocytes in response to UVB (Takahashi et al., 2001). These events cause caspase-8
activation leading to apoptosis. It has also been reported that in Jurkat cells, Fas activation
by Fas ligand causes activation of Kv1.3 channels via FADD recruitment (Storey et al.,
2003). It is not known, however, if activation of Fas by UVB requires loss of K+, or whether
activation of K+ channels in HCLE cells is a downstream event from activation of Fas. We
investigated the role of Fas in UVB-induced apoptosis of HCLE cells by knocking down Fas
using siRNA, followed by measurement of UVB-induced caspase-8 and caspase-3 activity
and by patch-clamp recording of whole cell K+ currents.
An alternative hypothesis is that UVB may activate the intrinsic apoptotic pathway in HCLE
cells via loss of K+i or by a direct effect on the mitochondria. This is suggested by a report
that, in immortalized human keratinocytes, UVB-induced apoptosis requires caspase-9, but
is death receptor-independent (Daher et al., 2006). This hypothesis was tested in the present
study by measurement of UVB-induced activation of caspase-9 in the presence of elevated
[K+o] and measurement of UVB-induced activation of caspase-8 and caspase-3 after
caspase-9 inhibition. The effect of knockdown of apoptosis protease activating factor-1
(Apaf-1) (Acehan et al., 2002; Kugler et al., 2005) on UVB-induced caspase activation and
DNA fragmentation was also investigated.

Author Manuscript

2. Materials and Methods
Methods for cell preparation, transfection, biochemical analyses and electrophysiology are
described in this section. The experimental design is described in more detail in the context
of the presentation of the results.
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2.1 Cell Culture

Author Manuscript

Human corneal limbal epithelial (HCLE) cells were grown to confluence and maintained as
monolayers in 6-well plates in Keratinocyte-SFM (KSFM, Life Technologies, Grand Island,
NY), as previously described (Singleton et al., 2009). It should be noted that this cell line is
often grown under conditions that lead to the formation of stratified constructs that are
several cell layers thick and express mucins typical of the in vivo corneal epithelium (Gipson
et al., 2003). We have previously shown that stratified and monolayer HCLE cells respond
similarly to UVB and incubation in elevated [K+o] (Schotanus et al., 2011). Therefore, for
convenience in timing of experiments, transfection with siRNA and collection of cells for
caspase assays and flow cytometry, monolayers were used in the present study.
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For exposure of cells to elevated concentrations of K+o, custom made KSFM with 100 mM
K+ and reduced [Na+], to maintain osmolarity at 290 mOsm/l (Life Technologies), was
mixed with standard medium to achieve the desired [K+] of 25–100 mM. Following
exposure to UVB, cells were incubated in KSFM with 5 mM K+ or in medium with elevated
K+ for 4–6 hours before measurement of caspase activity or TUNEL staining. Control cells,
not exposed to UVB, were incubated in KSFM with 5.5 mM K+. It should be noted that in
our initial study of effects of UVB on HCLE cells we reported that incubation of cells not
exposed to UVB in medium with K+ concentrations up to 100 mM has no adverse effect on
cell viability and does not activate apoptosis (Singleton, et al., 2009). Therefore controls
incubated with elevated [K+] were not included in the present study.
2.2 RNA interference

Author Manuscript

Small interfering RNAs (siRNA) were purchased from Qiagen (Valencia, CA). HCLE cells
were grown to 30–50% confluence and transfected with siRNAs to Fas (25 nM), caspase-8
(25 nM), Apaf-1 (50 nM), or All-Stars negative control siRNA (50 nM) using siLentFect
(BioRad, Hercules, CA), according to manufacturers’ protocols. Optimal transfection
conditions and siRNA concentrations were determined in preliminary experiments (data not
shown). After transfection, cells were incubated for 72 hours. Knock-down of proteins was
confirmed by SDS-PAGE and western blotting using appropriate rabbit anti-human
monoclonal antibodies (Cell Signaling Technology, Danvers, MA) and Odyssey IRDye800
goat anti-rabbit secondary antibody (Li-Cor, Lincoln, NE). All control data in knockdown
experiments are from cells transfected with the negative control siRNA. Blots were imaged
and scanned with a Li-Cor Odyssey Infrared Imaging System.
2.3 Exposure to UVB

Author Manuscript

Cells were exposed to UVB radiation (302 nm) at 80 or 150 mJ/cm2 using a UVM-57 lamp
(Ultraviolet Products, Upland, CA) under conditions that have been previously described
(Singleton et al., 2009). The doses of UVB were chosen based on previous studies and are
relevant to ambient outdoor exposure in less than 2 hr at midday in the summer at 42° north
latitude.
2.4 Caspase Activity Assays
Activity of caspases-3, -8 and -9 was measured using fluorometric caspase assay kits
(BioVision, Milpitas, CA) according to the manufacturer’s instructions, as previously
Exp Eye Res. Author manuscript; available in PMC 2017 April 01.
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described. Protein was measured using the Bio-Rad assay. The caspase-8 inhibitor, Z-IEDTFMK, caspase-3 inhibitor, Z-DEVD-FMK, and caspase-9 inhibitor, Z-LEHD-FMK, were
purchased from R&D Systems (Minneapolis, MN). The optimal concentration (10 μM) of
these inhibitors for caspase inhibition was determined in preliminary experiments based on
the manufacturer’s recommendation.
For measurement of UVB-induced caspase activity, following exposure to UVB and
incubation for 4–6 hr, the culture medium was collected from the wells so that apoptotic
cells that had been released from the cell layer could be included in the analysis. Adherent
cells were then removed from the plate using TrypLE-Express (Life Technologies) and
combined with the cells in the retained medium (Singleton et al., 2009).
2.5 TUNEL Assay

Author Manuscript

DNA fragmentation was measured using an APO-BrdU TUNEL assay kit (Invitrogen
Molecular Probes, Carlsbad, CA). After exposure to UVB and incubation, floating and
adherent cells were combined, fixed in 1% paraformaldehyde/PBS, washed in PBS, and
suspended in 70% EtOH. The cells were labeled according to manufacturer’s instructions
and analyzed on a BD FACSCaliber flow cytometer (BD Biosciences, San Jose, CA), as
previously described (Singleton et al., 2009).
2.6 Patch-clamp Recording
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Recording of UVB-induced K+ channel activation was done as previously described
(Singleton et al., 2009; Ubels et al., 2010, 2011). Briefly, whole-cell voltage-clamp current
recordings were made using standard amphotericin-B perforated patch techniques. Pipette
solution was (in mM) 145 K-methanesulfonate, 2.5 MgCl2, 2.5 CaCl2, 5 HEPES (pH 7.3).
Bath solution was (in mM) 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 10 glucose (pH
7.4). The holding potential was -80 mV and the recording protocol consisted of 250 ms
duration voltage steps from -80 mV to +120 mV in 10 mV increments. Current was recorded
by an Axon Instruments Axopatch 200B (Molecular Devices, Sunnyvale, CA) and analyzed
by accompanying software (Clampex/Clampfit 9.2). Access resistance, capacitance, and
most leak resistance were compensated by amplifier circuitry, with remaining leakage
currents subtracted offline. An AutoMate Scientific (Berkeley, CA) perfusion pencil was
used to apply the Kv3.4 channel blocker, BDS-1 (Alamone Labs, Jerusalem), to cells at a
concentration of 1 μM. To expose cells to UVB, after control K+ currents were recorded, the
UVB lamp was placed 7.5 cm from the recording chamber and the cell was exposed to an 80
mJ/cm2 dose of UVB (6 min 40 sec duration). The lamp was then removed and recording
was continued within 2 minutes of UVB exposure. The dose of UVB was chosen based on
our previous studies. Doses above this level have an immediate effect on the cell that make it
difficult to maintain a high resistance seal of the electrode to the membrane or a low
resistance access to the cell interior.
2.7 Data analysis
Most statistical comparisons were made using one-way analysis of variance and the StudentNewman-Keuls or Dunnet’s test, as appropriate, or the t-test. All data were tested for normal
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distribution by the Shapiro-Wilk test and non-parametric tests were used when appropriate.
Statistical analysis was conducted using SigmaPlot 12 (Systat Software, Inc., San Jose, CA).

3. Results
3.1 The extrinsic pathway – Fas and caspase signaling
To determine whether Fas signaling is required for initiation of apoptosis in response to
UVB, HCLE cells were treated with Fas siRNA and incubated for 72 hr. Figure 2A
illustrates a representative experiment with knockdown of Fas as compared to expression in
cells treated with negative control siRNA. In all transfection experiments that were
conducted (including preliminary experiments to establish optimal conditions, data not
shown), Fas expression was knocked down to 4 – 15% of control levels.

Author Manuscript

Following knockdown of Fas, HCLE cells were exposed to UVB at 150 mJ/cm2 and
incubated in KSFM with 5.5 mM K+ for 6 hr followed by measurement of caspase-8 and
caspase-3 activity. In agreement with our previous reports, these caspases were strongly
activated by UVB. Knockdown of Fas caused a statistically significant, but limited,
reduction in UVB-induced caspase-8 and caspase-3 activation (Fig. 2B).

Author Manuscript

We also tested whether Fas is involved in a signaling pathway that leads to UVB-induced
activation of K+ channels. It was confirmed that exposure to UVB at 80 mJ/cm2 causes an
immediate increase in K+ channel activation in cells treated with negative control siRNA
(Fig 3A, Control) that is identical to the effect of UVB previously reported in untreated cells,
and that this current is blocked by BDS-1 (Singleton et al., 2009; Ubels et al., 2010).
Similarly, UVB activates K+ currents in HCLE cells after Fas knockdown (Fig. 3A). There
was no significant difference in the normalized K+ current between control cells and the Fas
knockdown cells (Fig. 3B).
In the DISC complex Fas, via FADD, activates the initiator caspase-8 which in turn activates
the effector caspase-3. The small effect of knockdown of Fas on UVB-induced activation of
these caspases suggests that UVB is acting on caspase-8 via an additional mechanism or that
caspase-8 is not required for UVB-induced activation of caspase-3. To investigate these
possibilities we first transfected HCLE cells with caspase-8 siRNA followed by incubation
for 72 hr. This resulted in knockdown of caspase-8 protein expression to 17% of control
levels (Fig. 4A). These cells were then used to determine the effect of caspase-8 knockdown
on UVB-induced activation of caspase-3.

Author Manuscript

Control cells and capase-8 knockdown cells were exposed to 150 mJ/cm2 UVB and
incubated for 6 hr in KSFM with either the normal concentration of 5.5 mM K+ or 50 mM
K+. As expected, UVB strongly activated caspase-3 in control cells and this activation was
inhibited by 50 mM K+o (Fig. 4B). In caspase-8 knockdown cells UVB exposure and
incubation in elevated [K+o] had the identical effect.
The lack of an effect of capase-8 knockdown on activation of caspase-3 suggested that
capase-8 is a highly robust enzyme, so that the residual caspase that was expressed after
transfection with siRNA is adequate to activate caspase-3. Alternatively, although caspase-8
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is activated by UVB, it is possible that this activation is not required for UVB induced
activation of caspase-3. To test this possibility, untransfected HCLE cells were exposed to
150 mJ/cm2 UVB and incubated for 6 hr in the presence of 10 μM caspase-8 inhibitor.
Inhibition of caspase-8 eliminated the activation of caspase-3 by UVB (Fig. 5). Based on
this observation, an additional experiment was conducted in which cells were transfected
with caspase-8 siRNA followed by exposure of the cells to UVB and incubation for 6 hours
in the absence and presence of caspase-8 inhibitor, the purpose being to determine whether
UVB-induced caspase-3 activation after caspase-8 knockdown was, in fact, due to residual
caspase-8 activity. In agreement with the data in Figure 4, caspase-3 was activated 33.4 fold
by UVB in the transfected cells. Caspase-8 inhibitor reduced this UVB-induced caspase-3
activity to a 5-fold activation.
3.2 The intrinsic pathway – Caspase-9 and Apaf-1

Author Manuscript

The apparent lack of involvement of Fas knockdown in UVB-induced caspase-8, caspase-3
and K+ channel activation, and the demonstration that caspase-8 activity is required for
activation of caspase-3 in response to UVB exposure, raises the question of how these
caspases are activated. In our initial study of the role of K+ in UVB-induced apoptosis of
HCLE cells we investigated the mitochondrial potential and caspase-9 activation; however,
we did not emphasize these observations because of the relatively weak effect of elevated
K+o on this pathway after exposure of cells to UVB (Singleton et al., 2009). In the present
study we returned to the intrinsic pathway based on the possibility that UVB-induced
caspase-9 activation is required for activation of capases-8 and -3.
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HCLE cells were exposed to UVB at 150 mJ/cm2 and in preliminary studies it was
determined that maximal activation of caspase-9 occurs by 4 hr after treatment (data not
shown). In agreement with our previous report, when HCLE cells were incubated in 25 -100
mM K+o for 4 hr after exposure to UVB there was a significant, dose-dependent inhibition
of capase-9 activation (Fig. 6.) The magnitude of this inhibition was not, however, as great
as the effect of elevated [K+o] on UVB-induced caspase-3 activity (Fig. 4.)
To determine if caspase-9 activation is required for UVB-induced activation of caspase-8
and caspase-3, HCLE cells were exposed to UVB and incubated for 6 hr in the presence of
10 μM caspase-9 inhibitor. Inhibition of caspase-9 resulted in complete inhibition of UVBinduced activation of caspase-8 and also resulted in significant suppression of activation of
caspase-3 by UVB to nearly control levels (Fig. 7).
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During apoptosis initiated by the intrinsic pathway cytochrome c is released by the
mitochondria and causes heptamerization of Apaf-1 (Acehan et al., 2002). Apaf-1 in turn
recruits and activates caspase-9. To provide further evidence that the effect of UVB in
apoptosis of HCLE cells is via the intrinsic pathway, the effect of knockdown of Apaf-1 on
caspase activation was investigated. The use of siRNA was chosen because inhibitors of
Apaf-1 are not readily available. The results of a representative knockdown of Apaf-1 are
shown in Figure 8A. For all experiments the protein expression was reduced to about 35% of
control, however, this reduction in Apaf-1 expression was adequate to cause a significant
and marked inhibition of the UVB-induced activation of caspases-9, -8 and -3 (Fig. 8B).
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If knockdown of Apaf-1 is inhibiting UVB-induced activation of the caspase cascade in
HCLE cells, then ultimately apoptosis, as indicated by DNA fragmentation, should be
inhibited. Control and Apaf-1 knockdown cells were exposed to 150 mJ/cm2 UVB, and after
6 hours apoptosis was measured by the TUNEL assay. UVB exposure caused an increase in
the percentage of stained control cells, while no difference was detected between exposed
and untreated cells after knockdown of Apaf-1 (Fig. 9). It should be noted that knockdown
of Apaf-1 also reduced the baseline number of apoptotic cells in cultures not exposed to
UVB, as compared to control.
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Finally, since Apaf-1 appears to be important for UVB-induced activation of caspase-3
experiments were conducted to confirm the requirement for activation of caspase-3 in DNA
fragmentation. HCLE cells were exposed to 150 mJ/cm2 UVB and incubated for 6 hr in the
absence or presence of caspase-3 inhibitor. In UVB-treated cultures with the inhibitor, the
percentage of apoptotic cells remained at control levels (Fig. 10).

4. Discussion
4.1 The extrinsic pathway
In this study of the mechanisms of apoptosis as related to activation of K+ channels in HCLE
cells exposed to UVB, we initially focused on the extrinsic pathway. This was based on the
abundant literature showing that UVB activates Fas independently of Fas ligand in HeLa
cells, keratinocytes and lymphocytes (Aragane et al., 1998; Takahashi et al., 2001; Kulms et
al., 2002). Our results, however, suggest that in HCLE cells the intrinsic pathway may have a
greater role in the response to UVB exposure.
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Knockdown of Fas had no effect on activation of K+ channels in HCLE cells by UVB, and
the effect on UVB-induced activation of caspase-8 and caspase-3, although significant, was
limited. In keratinocytes and melanoma cells UV activation of apoptosis appears to be
strongly related to activation of Fas by a Fas ligand-independent mechanism. This is
reported to occur via clustering of Fas in the cell membrane and by increased expression of
Fas. The clustering of Fas is detectable by 30 min after UVB exposure and is maximal by 6
hr (Aragane et al., 1998; Bang et al., 2003), which is in agreement with the time course of
activation of apoptosis that we observe post-UVB in HCLE cells. In preliminary studies to
our original work on this problem we found that activation of caspase-8 and caspase-3 is at
least half maximal by 3 hr after UVB exposure and approaches a maximum by 6 hr. The
strong activation of caspases and detection of apoptotic cells by the TUNEL assay in HCLE
cells at 6 hr post-UVB is clearly evident in the present study and in our previous reports.
This is in contrast to reports on keratinocyte and melanoma cell lines which suggest that a
similar level of apoptosis does not occur until 16–24 hours post-UVB (Aragane et al., 1998;
Wang and Li, 2006). It has also been reported that UVB increases Fas mRNA and Fas
protein expression in keratinocytes, macrophages and melanoma cells (Bang et al., 2002;
Sodhi and Sethi, 2004, Wang and Li, 2006). This expression peaks in 6–24 hours, depending
on the cell type. Although we have not measured Fas expression in HCLE cells after UVB
exposure, the relatively rapid response of caspases to UVB exposure and the limited effect
of Fas knockdown suggest that a change in Fas expression is unlikely to be involved in the
effect of UVB on HCLE cells.
Exp Eye Res. Author manuscript; available in PMC 2017 April 01.
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We proposed that if Fas is activated by UVB in HCLE cells and in turn activates K+
channels then knockdown of Fas would reduce the activation of Kv3.4 channels by UVB.
This hypothesis was based on the report by Storey et al. (2003) that Kv1.3 channels are
activated when Fas ligand is applied to Jurkat cells and a report by Bortner et al. (2001) that
exposure of Jurkat cells to an agonistic anti-Fas antibody causes changes in membrane
potential of Jurkat cells. In contrast to these observations, knockdown of Fas had no effect
on UVB activation of K+ currents in HCLE cells. An important difference exists between the
activation of K+ currents in HCLE and Jurkat cells. In Jurkat cells the increase in channel
activation is detectable 30 minutes after application of Fas ligand, but exposure to the ligand
for 20 minutes or less had no effect. In the Bortner et al. study, membrane potential changes
in response to anti-Fas are detectable 4 hr after exposure. The present study demonstrates a
lack of effect of Fas knockdown on K+ channel activation and very rapid activation of these
channels in response to UVB (less than 2 min). This strongly suggests that Fas is not
involved in the response of HCLE cells to UVB and that another, as yet unidentified,
signaling mechanism is involved in the increase in K+ current and loss of K+i in response to
UVB.
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The minimal effect of Fas knockdown on apoptosis in HCLE cells was unexpected since
knockdown of Fas in melanoma cells lines completely inhibits UVB-induced activation of
caspase-8 and apoptosis (Wang and Li, 2006). A more recent report is, however, in
agreement with our findings. It was reported by Hedrych-Ozimina et al. (2011) that
keratinocytes cultured from the skin of Fas knockout mice go into UVB-induced apoptosis at
the same rate as cells from control mice, showing that while Fas may be involved in the
response to UVB it is not necessarily required. In the cornea the decreased importance of
Fas may serve as a protective mechanism, decreasing the vulnerability of the corneal
epithelium to damage by ambient, outdoor UVB, to which the epidermis is highly
susceptible.
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We have previously reported that caspase-8 is activated by UVB in HCLE cells, but that the
magnitude of the response is not as great as the activation of caspase-3, nor is the inhibition
of caspase-8 activity by elevated K+o as great as the inhibition of caspase-3 activity
(Singleton et al., 2009; Schotanus et al., 2011). Since caspase-8 is part of DISC, and Fas
does not appear to be important for UVB-induced apoptosis, this led us to question whether
caspase-8 is required for UVB-induced apoptosis of HCLE cells. We tested this hypothesis
by measurement of UVB-induced caspase-3 activation in normal HCLE cells and after
knockdown of caspase-8, in the absence or presence of caspase-8 inhibitor. Residual
caspase-8 in knockdown cells was adequate to activate caspase-3 upon UVB exposure, but
the loss of UVB-induced caspase-3 activation in the presence of caspase-8 inhibitor shows
that caspase-8 is essential. Based on the Fas knockdown data, however, caspase-8 possibly is
activated via a different mechanism, perhaps the intrinsic pathway.
4.2 The intrinsic pathway
In our original study of effects of UVB on HCLE cells and inhibition of apoptosis by
elevated [K+o], we tested the effect of UVB and elevated [K+o] on caspase-9 (Singleton et
al., 2009). Since the effect of high [K+o] in inhibiting this caspase was much less than the
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effect on caspases -8 and -3, we turned our attention to the extrinsic pathway, as described
above. Because of the findings concerning Fas in this study, we returned to caspase-9,
confirming that this caspase is activated by UVB and that elevated K+o at a concentration as
low as 25 mM has significant inhibitory effect on UVB-induced caspase-9 activity. This
suggests that caspase-9 may be responsible for activation of caspase-8 and subsequent steps
in UVB-induced apoptosis, which was confirmed by measurement of caspase-8 and -3
activity in the presence of caspase-9 inhibitor. The importance of the intrinsic pathway in the
response of HCLE cells to UVB was confirmed by the lack of activation of caspases-9, -8
and -3 and the lack of TUNEL staining after knockdown of Apaf-1. The importance of
Apaf-1 in this pathway is also shown by the decrease in the baseline level of apoptosis in
Apaf-1 knockdown cultures not exposed to UVB. Our data on Apaf-1 are supported by the
work of Feng et al. (2012) who showed that Apaf-1 deficiency inhibits UVC-induced
apoptosis of mouse fibroblasts. We therefore conclude that the intrinsic pathway is more
important than the extrinsic pathway in UVB-induced apoptosis of HCLE cells. It must be
noted that p53 is inactivated in the HCLE cell line, so that we cannot eliminate a possible
involvement of p53 in corneal epithelial apoptosis in intact corneas.

Author Manuscript

Having provided evidence that Fas is apparently not required for UVB-induced activation of
K+ channels and having shown the importance of the intrinsic pathway in HCLE cell
apoptosis in response to UVB, it remains to further elucidate the pathway by which K+
channels are activated and to determine if K+ loss from the cytoplasm is a primary or
secondary event in apoptosis. Preliminary data from our laboratory suggest that knockdown
of tumor necrosis factor receptor 1 (TNF-R1) or FADD inhibits UVB-induced loss of K+
from HCLE cells, and it has been reported that UVB can cause apoptosis of lung and breast
carcinoma cells due to ligand independent activation of TNF-R1 (Sheikh et al., 1998), which
is known to activate FADD (Ashkenazi and Dixit, 1998). Based on this information we are
pursuing the hypothesis that TNF-R1 initiates a signaling pathway that activates K+
channels. It will also be important to investigate further the earliest step in the intrinsic
pathway, release of cytochrome c from the mitochondria, since it has been reported that
normal intracellular levels of K+ can inhibit formation of the apoptosome in response to
cytochrome c release (Cain et al., 2001). Cytochrome c has been reported to activate K+
channels (Platoshyn et al., 2002), so a next step in our work will be to investigate the
interrelationships among cell surface receptors, K+ channels and the intrinsic apoptotic
pathways in HCLE cells.

5. Conclusion
Author Manuscript

Several mechanisms exist that can protect the ocular surface from UVB, including physical
shade by the eyebrows and chemical protection by lactoferrin in tears and intracellular
ascorbate and tryptophan, all of which absorb UV radiation (Ringvold, 1998; Fujihara et al.,
2000; Kolozvari et al., 2002, Choy et al., 2011). Prevention of activation of the intracellular
signaling pathways discussed in this report would also help to prevent damage by ambient
UVB-induced apoptosis in the corneal epithelium. As we have previously proposed
(Singleton et al., 2009; Ubels et al., 2006; 2012), the lacrimal functional unit appears to be
adapted to participate in protection of the corneal epithelium from UVB by secreting tears
with a relatively high concentration of K+. Bathing of the ocular surface in tear fluid with
Exp Eye Res. Author manuscript; available in PMC 2017 April 01.

Ubels et al.

Page 11

Author Manuscript

this high [K+] may attenuate the loss of intracellular K+ and subsequent apoptosis when
channels in corneal epithelial cells are activated by UVB.
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Highlights
UVB activates K+ channels in corneal epithelial cells leading to caspase-8 and -3
activation and apoptosis.
Elevated extracellular K+ inhibits UVB induced apoptosis.
Knockdown of Fas does not inhibit K+ channel and caspase activation.
Apaf-1 is essential for UVB-induced activation of caspases-9, -8 and -3 and
apoptosis of corneal epithelial cells.
The high K+ in tears (20–25 mM) may help to protect the cornea from ambient
UVB.
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Fig. 1.

This diagram illustrates relationships that are possibly involved in UVB-induced apoptosis
of HCLE cells. UVB may directly affect K+ channels, Fas or the mitochondrion. Fas
activation by UVB may be required for activation of K+ channels and caspases-8 and -3 via
the extrinsic pathway. Loss of K+i upon activation of channels may directly activate the
intrinsic pathway and/or may induce activation of caspase-8 and caspase-3.
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Fig. 2.
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A. Knockdown of Fas in HCLE cells. Lanes 1–3: control, lanes 3–6: 72 hr after transfection
with 25 nM Fas siRNA. Arrow indicates position of Fas protein. B. Effect of Fas knockdown
to less than 15% of control levels on activation of caspase-8 and caspase-3, 6 hr after
exposure to 150 mJ/cm2 UVB. Fas knockdown had a limited, but statistically significant
effect on UVB-induced caspase-8 and caspase-3 activity as compared to control cells. *
Values are not significantly different from one another. UVB-treated values (150 mJ/cm2)
differ from each other and from untreated (No UVB) values. (ANOVA and StudentNewman-Keuls test, mean ± SD, n=17 – caspase-8 and n=6 – caspase-3, p ≤ 0.05).
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Fig. 3.

A. Current-voltage relationships in response to 10 mV voltage steps in control HCLE cells
and after knockdown of Fas. K+ channels are activated within 2 minutes after exposure cells
to 80 mJ/cm2 UVB. The UVB-activated current is blocked by BDS-1. B. Normalized UVBactivated currents at +60 mV do not differ between control cells (n=11) and cells treated
with Fas siRNA (t-test, n=12, p ≤ 0.05).
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Fig. 4.
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A. Knockdown of caspase-8 in HCLE cells. Lanes 1–3: control; lanes 3–6: 72 hr after
transfection with 25 nM caspase-8 siRNA. Arrow indicates position of caspase-8 protein. B.
Effect of caspase-8 knockdown to less than 17% of control levels on activation of caspase-3,
6 hr after exposure to 150 mJ/cm2 UVB. Caspase-8 knockdown does not reduce UVBinduced caspase-3 activity. Note inhibition of UVB-induced caspase-3 activation in the
presence of 50 mM K+o. Values with the same symbols are not significantly different from
one another but differ from all other values. (ANOVA and Student-Newman-Keuls test,
mean ± SD, n=9, p ≤ 0.05).
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Fig. 5.
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UVB-induced caspase-3 activity in the presence of the caspase-8 inhibitor, Z-IEDT-FMK.
Inhibition of caspase-8 prevents activation of caspase-3 by 150 mJ/cm2 UVB, showing that
caspase-8 is required for caspase-3 activation in HCLE cells. *significantly different than all
other values (Boxes indicate median, 25th and 75th percentiles, whiskers indicate 10th and
90th percentiles, Kruskal-Wallis ANOVA on Ranks and Dunn’s test, n=12, p ≤ 0.05)
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Fig. 6.

Effect of elevated [K+]o on activation of caspase-9 in HCLE cells exposed to UVB at 150
mJ/cm2. Cells were incubated in KSFM with isosmotic 5.5 – 100 mM K+ for 4 hr after
exposure to UVB. * significantly different than cells exposed to UVB and incubated in 5.5
mM K+. Marked values also differ from one another. (ANOVA and Student-Newman-Keuls
test, mean ± SD, n=12, p ≤ 0.05,)
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Fig. 7.

UVB-induced caspase-8 and caspase-3 activity in the presence of the caspase-9 inhibitor ZLEHD-FMK 6h after exposure of HCLE cells to 150 mJ/cm2 UVB. Caspase-9 is required
for activation of caspase-8 and caspase-3. *significantly different than all other values.
Unmarked values do not differ. (ANOVA and Student-Newman-Keuls test, mean ± SD,
n=12, p ≤ 0.05)
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Fig. 8.

A. Knockdown of Apaf-1. Lanes 1 and 2: control; lanes 3 and 4: 72 hr after transfection with
50 nM Apaf-1 siRNA. Arrow indicates position of Apaf-1 protein. B. Effect of Apaf-1
knockdown to less than 35% of control levels on activation of caspases-9, -8 and -3,
respectively, 6 hr after exposure to 150 mJ/cm2 UVB. *significantly different than all other
values. Unmarked values do not differ. (ANOVA and Student-Newman-Keuls test, mean ±
SD, n=12, p ≤ 0.05)
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Fig. 9.

Author Manuscript

Effect of knockdown of Apaf-1 on UVB-induced apoptosis of HCLE cells. Cells were
exposed to UVB at 150 mJ/cm2 and apoptotic cells were detected by the TUNEL assay and
flow cytometry at 6 hr. Values marked * are not significantly different from one another. #
significantly different from all other values. (ANOVA and Student-Newman-Keuls test, n=12
samples of 10,000 cells, p ≤ 0.05)
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Fig. 10.

Effect of inhibition of caspase-3 on UVB-induced apoptosis of HCLE cells. Cells were
exposed to UVB at 150 mJ/cm2 and apoptotic cells were detected by the TUNEL assay and
flow cytometry at 6 hr. * significantly different than other values. (ANOVA and StudentNewman-Keuls test, n=12 samples of 10,000 cells each, p ≤ 0.05)
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